Emerging evidence indicates that the interactions between tumor cells and the bone microenvironment have a crucial role in the pathogenesis of bone metastasis and that they can influence tumor cell dissemination, quiescence and tumor growth in the bone. The vasculature is known to be critical for primary tumor growth, and anti-angiogenesis drugs are approved for the treatment of certain tumor types. The role of the vasculature in bone metastasis is less well known, but recent evidence shows that blood vessels in the bone are a key component of the local microenvironment for the tumor cells and contribute to the different consecutive phases of bone metastasis. A better insight in the importance of the vasculature for bone metastasis may help develop novel treatment modalities that either slow down tumor growth or, preferably, prevent or cure bone metastasis.
Introduction
Malignant cells have acquired mutations that lead to uncontrolled proliferation and the ability to migrate and leave the site of origin to disseminate via the circulation and then engraft and colonize distant organs. Breast and prostate tumor cells preferentially colonize the bone, causing numerous symptoms and a high morbidity. 1 Current therapies mainly target the later stages of bone metastasis, and thereby slow down the progression of the disease, but they are not curative. A possible approach to improve the therapeutic outcome is to target the initiation and development of bone metastases, but this strategy requires interfering with the initial stages of metastasis, including survival, quiescence, migration and proliferation of metastatic tumor cells, followed later by colonization of the bone environment. 2 The intimate association of tumor cells with cells from the microenvironment is considered to be important during the early stages of metastasis, and, the vasculature is a key component of this environment, as it facilitates metastatic dissemination and supports tumor growth in later stages via the delivery of oxygen, nutrients and growth factors. 3 In the adult, the vasculature is mature and relatively stable, but blood vessels can be reactivated by proangiogenic factors produced by hypoxic cells, a situation that typically occurs during tumor growth. 4 In response to the proangiogenic factors, new blood vessels start to develop from pre-existing ones (that is, angiogenesis), and this involves sprouting, migration and proliferation of endothelial cells. 5 Even though tumor angiogenesis recapitulates many of the events of normal blood vessel development, some differences exist. Indeed, in contrast to normal vessels, the tumor vasculature is highly disorganized, and, the vessel walls are leaky due to the presence of endothelial fenestrae and transcellular holes, thereby facilitating spreading of tumor cells and limiting the delivery of chemotoxic agents. 6 In this review, we provide an overview of the significance of blood vessels for driving metastatic spreading to the bone and their role during metastatic outgrowth. Moreover, we critically evaluate the antimetastatic character of treatment modalities that target the tumor vasculature and discuss novel anti-angiogenic therapies and innovative techniques to study the role of the vasculature in bone metastases.
Vasculature Characteristics may Guide Tumor Cell Dissemination to the Bone Microenvironment
When cancer cells enter the circulation, the majority (499%) of these circulating tumor cells (CTCs) are quickly eliminated by cells of the immune system or through apoptotic cell death induced by local shear stress or loss of adherence (that is, anoikis). 7, 8 The few cells (o0.01%) that are able to survive in the circulation are believed to be associated with platelets. 9 These platelets aggregate around the CTCs and form a physical barrier that protects the CTCs from immunological detection and apoptosis. In addition, aggregated tumor cells and platelets form a clump in the blood stream, leading to reduced blood flow and thus facilitating adhesion of the tumor cells to the capillary network of specific tissues.
The morphology and structure of blood vessels differs between organs and may thus influence organ-specific extravasation of tumor cells. 10 The blood vessels in the metaphysis of the long bones are characterized by the constitutive expression of adhesive proteins, including P-selectin and E-selectin, intercellular adhesion molecule A and vascular adhesion molecule 1, which promote the interaction with tumor cells and facilitate their adhesion 8 (Figure 1) . In contrast to the bone marrow vasculature, endothelial cells constituting the blood vessels in other tissues only express these molecules when stimulated by inflammatory cytokines. 8 Moreover, the vascular system in the bone metaphysis consists of voluminous sinusoids, likely resulting in reduced blood flow, and the endothelial cell layer is highly fenestrated. 11, 12 These particular characteristics of the bone marrow vasculature are thought to facilitate the docking of CTCs to the endothelial cells and help the extravasation out of the vasculature into the bone marrow stroma. In addition, tumor-derived factors may change the structure of the endothelial cell layer. Indeed, recent studies show that the secretion of microRNA-105 (miR-105) and angiogenic factors by breast tumor cells downregulates the expression of the tight junction proteins in the endothelial monolayer barrier of the lungs and the brain, thereby facilitating the extravasation of the CTCs out of the blood vessels. 13 A similar phenomenon may occur during bone metastasis but is probably less important, as the fenestrated sinusoids in the bone marrow may already support the migration of tumor cells across the bone marrow endothelium. 10, 14, 15 The endothelial cells of the bone marrow vasculature not only differ from other blood vessels in their expression of adhesion receptors but also in growth factor production. Indeed, endothelial cells of bone marrow blood vessels express high levels of stromal cell-derived growth factor 1 (SDF-1) in specific local areas, 16 and this factor attracts metastatic tumor cells that express high levels of the SDF-1 receptor, that is C-X-C chemokine receptor 4 (CXCR4). [17] [18] [19] This specialized endothelium thus defines a unique microenvironment in the bone marrow that guides CTCs for extravasation and engraftment around these vessels. In agreement herewith, genetic profiling of tumor cells showed that breast tumor cells with a high propensity to form bone metastases express high levels of CXCR4. 20 To conclude, the vasculature seems to guide tumor cells to the bone by the means of its structure, adhesive proteins and growth factor production. Interestingly, most of these bonetargeting mechanisms are normally used by hematopoietic stem cells to reside and occupy their specific niche in the bone marrow, but these pathways are hijacked by metastatic tumor cells during the development of bone metastasis. 21, 22 The Vasculature Mediates Quiescence but also
Reactivation of Disseminated Tumor Cells in the Bone Marrow
When the disseminated tumor cells (DTCs) have infiltrated into the bone marrow, they rarely progress immediately to an overt metastatic tumor. Indeed, the local environment is often very different from the primary tumor site and thus hostile for the Figure 1 Blood vessels guide tumor cells to the bone microenvironment. After they break free from the primary tumor, most cancer cells that enter the circulation are quickly eliminated. A small portion of the circulating tumor cells (CTCs) survives in the blood stream by interacting with platelets, which protects tumor cells from apoptosis caused by local shear stress and immunological reaction. Moreover, clumping of CTCs with platelets reduces blood flow and facilitates adhesion of the tumor cells to the blood vessel wall. CTCs leave the circulation and enter the local bone marrow via transmigration through the endothelial barrier, in part mediated by the secretion of tumor cell-specific factors (for example, microRNA-105). Moreover, local high levels of stromal cell-derived growth factor 1 (SDF-1) derived from endothelial cells and cells from the bone marrow stroma attract C-X-C receptor 4 (CXCR4) expressing CTCs to the local microenvironment.
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DTCs, thereby hindering instant tumor outgrowth. Despite this unreceptive environment, DTCs can survive and remain in a dormant state as single cells or micrometastases. 10 This state of metastatic latency, which is defined as the time between primary tumor diagnosis and clinically detectable metastatic relapse, can take up to several years for breast cancer DTCs. Exactly how DTC dormancy is regulated remains largely unknown but likely includes cellular dormancy, angiogenic dormancy and immunosurveillance. 23, 24 Recently, Ghajar et al. 25 introduced novel mechanistic insights in the process of cellular dormancy. Quiescent breast cancer DTCs are observed in close intimacy with the stable microvasculature of the bone marrow. These endothelial cells secrete thrombospondin 1, which induces tumor cell quiescence (Figure 2 ). When angiogenesis is stimulated, by still uncharacterized triggers, endothelial cells start sprouting and limit the secretion of thrombospondin 1 but induce the expression of molecules like transforming growth factor-b1, periostin and fibronectin. These factors stimulate the DTCs to get out of their quiescent state and start colonizing the bone. In addition, the adhesion of DTCs to fibronectin in the bone marrow can be enhanced by local growth factor production. Indeed, we could show that the expression in the bone microenvironment of placental growth factor (PlGF), a pleiotropic and angiogenic growth factor, promotes the adhesion of breast tumor cells to fibronectin during the initial stages of bone metastasis. 26 Blocking specifically the action of stromal-derived PlGF, using anti-mouse-PlGF antibodies, resulted in decreased bone metastasis. Belonging to the same family as PlGF, vascular endothelial growth factor (VEGF) is one of the most potent angiogenic growth factors 4 and regulates angiogenic processes at several stages during bone development. 27, 28 The role of VEGF during the early stages of bone metastases seems, however, limited. Indeed, inhibition of VEGF production in tumor cells together with blocking VEGF signaling from the start of the arrival of DTCs, that is, as a preventive strategy, reduced but did not totally block the development of bone osteolytic lesions. 29 Moreover, compared with the curative protocol, when treatment was started after the development of bone metastases, the preventive strategy was only marginally superior, suggesting that this strategy mainly targeted bone metastasis progression and not the initial stages of bone metastasis development.
Thus, these data indicate that endothelial cells form niches that support cellular dormancy and may in this respect resemble the role of endothelial cells to regulate hematopoietic stem cell quiescence. Several factors are being identified that control the endothelial-hematopoietic stem cell niche including E-selectin, stem cell factor and SDF-1. 18, 30 Interestingly, the local regulation of SDF-1 levels has also been linked to DTC dormancy. A recent study shows that bone marrow stromal cells contribute to quiescence of DTCs by secreting miRs targeting SDF-1 expression. These anti-SDF-1 miRs are transported from the stromal cells to the breast tumor cells via gap junctions and can then induce tumor cell cycle arrest. 31 However, the question whether endothelial cells are the source of these miRs or that rather other bone marrow stromal cells, such as mesenchymal (stem) cells and immune cells, produce these miRs, needs still to be answered. Figure 2 The bone marrow vasculature mediates tumor cell quiescence and reactivation. When disseminated tumor cells (DTCs) arrive in the bone marrow microenvironment they encounter an unreceptive environment, which hinders immediate overt tumor growth. DTCs survive in the hostile environment in close intimacy with the stable bone microvasculature which induces tumor cell cycle arrest, mediated by thrombospondin 1 (TSP-1) and anti-SDF-1 microRNA (that is, cellular dormancy). On the other hand, sprouting endothelial cells produce factors, like periostin, that drive the quiescent DTCs out of their dormant state and stimulate proliferation (P), resulting in a micrometastatic tumor. When micrometastases reach a certain size that cannot be further supported by the normal tissue vasculature, the supply of nutrients and oxygen will decrease, hereby inducing tumor cell apoptosis (A). Collectively, tumor cell apoptosis balances proliferation (P ¼ A) and limits the development of an overt metastatic tumor.
In conclusion, the bone vasculature appears to have a dual role during metastatic outgrowth, as it regulates dormancy of DTCs during the initial stages of metastasis but may also trigger tumor cell proliferation and colonization of the bone environment.
Need of Angiogenesis for Oxygen and Nutrient Delivery During Metastatic Outgrowth
Once DTCs emerge from cellular dormancy and start to proliferate to form micrometastases, they may encounter another type of dormancy. Angiogenic dormancy has generally been considered as the failure to induce the angiogenic switch to sustain the growth of micrometastases. Generally, when micrometastases reach a certain size that cannot be further supported by the normal tissue vasculature, tumor cell nutrition and oxygenation will decrease drastically. 23, 32, 33 Consequently, tumor cell death will balance proliferation and thus prevents tumor growth and the development of clinically manifest metastases. 34 Tumor cells can respond to these stressful conditions and induce adaptive mechanisms to survive. The local drop in oxygen levels activates hypoxia-inducible factor (HIF), a transcription factor that induces the expression of proangiogenic factors, including VEGF, PlGF, platelet-derived growth factor and fibroblast growth factor. 35 These growth factors, produced by the tumor cells, induce angiogenesis by a process called 'the angiogenic switch'. 32, 36, 37 This hypoxiainduced process observed in primary tumors also contributes to the growth of bone metastases (Figure 3) . Indeed, inhibiting HIF signaling in breast tumor cells decreases the number of osteolytic lesions, which was accompanied by reduced VEGF expression and blood vessel density. 38 The HIF-mediated vascular response thus facilitates further metastatic outgrowth but may also allow tumor cells to subsequently metastasize to other organs, including lung, brain and colon.
Not only tumor cell hypoxia but also tumor-derived growth factors may stimulate the production of angiogenic factors by tumor or bone cells and contribute to the angiogenic switch. Parathyroid hormone-related peptide (PTHrP) is an important factor in the feed-forward cycle of osteolytic lesions. PTHrP is secreted by tumor cells and indirectly stimulates osteoclast formation and thereby increases bone destruction. 15 In addition to regulating bone resorption, recent data show that PTHrP also stimulates angiogenesis in an autocrine manner by increasing VEGF production by the metastatic breast cancer cells. 39 This suggests a supportive role for PTHrP during tumor growth and colonization of the bone microenvironment by regulating blood vessel growth.
On the basis of these VEGF expression data, interfering with VEGF signaling seems an interesting strategy to target bone metastasis. Preclinical studies show that angiogenesis and osteolysis are reduced when monotherapy with a VEGFneutralizing antibody (Bevacizumab) or VEGF receptor tyrosine kinase inhibitors (RTKIs, such as Sunitinib, Sorafenib) was used in a rat breast cancer metastasis model. 40 The positive effect of this monotherapy was not confirmed in another study that highlighted the importance of combining Bevacizumab and Vatalanib (a RTKI) to significantly reduce the number and Figure 3 Blood vessels drive macrometastatic tumor growth and secondary colonization. Through still unknown mechanisms, tumor cell proliferation is stimulated and outpaces apoptosis (P4A) in the micrometastatic tumor. This progression is possible when blood vessel ingrowth is promoted (that is, angiogenic switch). A major driver of this process is the production of angiogenic growth factors by the hypoxic tumor cells, resulting from activation of hypoxia-inducible factor (HIF) signaling. In addition to HIF-dependent stimulation of angiogenesis, tumor cell intrinsic signaling increases the production of angiogenic growth factors, further enhancing metastatic outgrowth and secondary metastasis to distant organs.
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K Raymaekers et al size of the osteolytic lesions. These findings indicate that efficient inhibition of the progression of bone metastasis requires the targeting of VEGF as well as its receptor. 29 A possible explanation for the lower effectiveness of antiangiogenic monotherapy is the observation that several other proangiogenic factors, like fibroblast growth factor and plateletderived growth factor, are released during cancer-induced bone remodeling or tumor hypoxia and thus can compensate for the VEGF blockade. 29 On the other hand, targeting VEGF and/or its receptor in prostate cancer-mediated osteoblastic metastasis resulted in decreased tumor burden and osteoblastic activity. 41, 42 A possible explanation for the positive effect in prostate cancer metastasis is the osteoblastic nature of the bone metastases and that VEGF stimulates osteoblast differentiation in vitro, suggesting a direct effect on osteoblasts. However, how VEGF stimulates osteoblast differentiation in vivo is still not fully elucidated. Indeed, a recent study suggests that VEGF controls osteoblastogenesis via intracrine VEGF signaling, as conditional deletion of VEGF in osteoblastic progenitor cells resulted in decreased osteoblast differentiation by reducing Runx2 expression, whereas the addition of extracellular VEGF or antibodies against VEGF had no effect on differentiation. 43 Other explanations for the beneficial effect of anti-VEGF therapy in prostate cancer-mediated osteoblastic metastasis 41 include an anti-angiogenic effect, as metastatic tumor growth was reduced, and a decrease in blood vessel density may indirectly influence osteoblast characteristics. On the other hand, osteoblast-or tumor-derived VEGF may also promote osteoclast differentiation by a paracrine mechanism 44 and may thereby increase bone remodeling. Whether anti-VEGF therapy in vivo will affect, besides the vasculature, also bone cell properties in a direct and angiogenesis-independent way is not known yet, but hypothetically it may decrease osteoclastogenesis by interfering with the paracrine signaling, and may have little effect on osteoblast differentiation, given the intracrine signaling of VEGF in osteoblast differentiation. Besides growth factors, adhesion proteins on endothelial cells, like integrins, are also involved in tumor-associated angiogenesis. 45 Within the large family of integrins, the a v b 3 integrin seems especially interesting with respect to bone metastasis. 46, 47 Indeed, the a v b 3 integrin is critical for tumor angiogenesis as it sustains the newly formed blood vessels and promotes their maturation. 45 In addition, a v b 3 integrin is also important for osteoclast activity, and drugs blocking integrin activity are reported to increase bone mineral density in postmenopausal women. 48 Finally, a v b 3 integrin may contribute to bone colonization by tumor cells overexpressing this integrin. 49 Recent studies showed that cilengitide, an inhibitor of a v b 3 and a v b 5 integrin, decreased vessel density and changed the vessel phenotype in breast tumor bone metastasis already at an early stage whereas it changed tumor cell metabolism, as well as decreased bone resorption in a later stage. [50] [51] [52] Thus, targeting signaling pathways that are not only important for angiogenesis but also for osteoclast activity as well as tumor cell behavior may provide an interesting approach.
Taken together, these data show that, like in primary tumors and metastases to other organs, the growth of bone metastases is coordinated by a complex interplay between tumor cells, tissue-specific cells and the vasculature. Although the specifics of the angiogenic processes during bone metastasis remain to be elucidated, targeting angiogenesis is suggested to represent an interesting way to deregulate the cellular cross-talk during tumor growth and inhibit progression of bone metastases, but further investigation is necessary to prove this hypothesis.
Anti-angiogenic Therapy: Reduction or Normalization of the Vasculature?
Given the crucial role of VEGF and its receptor in angiogenesis, blocking this signaling pathway was considered to decrease angiogenesis and/or destroy existing vessels, hereby starving the tumor from its nutrients. Currently, the US Food and Drug Administration has approved the use of Bevacizumab in combination with chemotherapy or cytokine therapy for various late-stage advanced metastatic cancers including metastatic breast cancer. However, phase-3 clinical trials show that the addition of Bevacizumab to chemotherapy only modestly improves progression-free survival in metastatic breast cancer. 53 Bevacizumab even failed to improve outcomes in combination with adjuvant chemotherapy in early triple-negative breast cancer. 54 These observations and the data obtained in preclinical models (see previous section) suggest that we likely should focus on the development of additional or alternative anti-angiogenic treatment strategies to improve clinical outcome. In this regard, the development of reliable biomarkers to monitor resistance to anti-angiogenic agents could select responsive patients and thus increase therapeutic efficacy. 55 Indeed, it has recently been found that polymorphisms in the VEGF gene were associated with the type of response to anti-VEGF treatment. 56 Moreover, conceptually distinct strategies to block metastatic spread should also be considered. Targeting blood vessel normalization rather than inhibition of blood vessel formation or destruction of existing blood vessels may be a valuable alternative. Indeed, tumors generally overexpress angiogenic factors, and, the normal balance between angiogenic activators and inhibitors is thus disturbed, resulting in a blood vessel network that is abnormal in almost all aspects of structure and function, eg. tortuous, irregular branching, chaotic network, reduced perfusion and leaky. 57 These abnormal vessels not only result in inadequate nutrient delivery but also in insufficient drug delivery and provide a gateway for DTCs, hereby fueling disease progression. These observations may explain the transient and often limited effect of anti-VEGF therapy, as this strategy often induces vessel destruction, resulting in more hypoxia and angiogenic factor secretion, as well as poor delivery of chemotherapeutics. On the basis of these findings, vessel normalization rather than vessel reduction seems an interesting and a relevant approach. More recent studies, using genetically modified mice (PHD2, Ang2 and Rgs5) [58] [59] [60] [61] or blocking miRs (miR-105), 13 provide evidence for the beneficial effects of promoting vascular normalization in a non-transient way, resulting in reduced metastasis and improved efficacy of chemotherapy and immune therapy. 62, 63 These observations suggest that vessel normalization may be a good alternative in treating metastasis.
Despite the many remaining questions, vasculature-targeting therapy is considered to be a promising strategy in the treatment of (bone) metastasis but likely requires a better Vasculature and bone metastasis K Raymaekers et al identification of patients who may benefit from this type of therapy and strategies inducing vessel normalization may be warranted.
New Models to Study the Role of the Vasculature in Bone Metastases
To further unravel the complex role of the vasculature in the arrival, quiescence, activation and growth of tumor cells in the bone, the development of new techniques and models is crucial. As the metastatic process is determined by complex cellular and molecular interactions between tumor and host, studies in an in vivo setting are preferred, certainly when considering angiogenic processes. Ideally, noninvasive imaging techniques in preclinical models are used in this setting, allowing long-term follow-up of functional and structural parameters.
Recently, a novel bone chamber implant model (also known as femur window) was developed by Hansen-Algenstaedt et al. 64 This chamber consists of a circular titanium device containing a transparent window that is inserted into the femoral cortex of a mouse, allowing microscopic visualization of the bone marrow space, while preserving the structural and mechanical properties of the bone. After induction of bone metastasis with fluorescent tumor cells, the interplay between the tumor cells, bone cells and microcirculation can be observed at a high spatial resolution using intravital multi-photon confocal microscopy in combination with specific fluorescent labeling agents. This study showed that the tumor vasculature consisted of an irregular network with variation in vessel diameter and loop formations compared with the physiologic vasculature of cancellous bone.
To better characterize the morphology and functionality of the vasculature during bone metastasis, conventional two-dimensional (fluorescent) imaging techniques, including histology, can be complemented by three-dimensional techniques that try to capture the full trajectories of the blood vessels inside tissues. One of these techniques is volumetric computed tomography, which can also be applied for the analysis of the bone and tumor vasculature, when used in combination with a contrast agent. 65 Therefore, establishment of both two-dimensional and three-dimensional imaging techniques will likely be essential to fully elucidate the role of the vasculature during bone metastasis.
In addition to the need for novel imaging modalities, models that mimic as close as possible the human microenvironment are highly valuable. To this end, researchers have developed methods for growing humanized bone ossicles subcutaneously in mice by combining human bone marrow stromal cells and calcium phosphate-based carrier structures. Recently, it was shown that human breast and prostate cancer cells efficiently metastasize to these ossicles, making this a relevant model for the study of human bone metastasis. 66, 67 Additional incorporation of human endothelial cells in the ossicles furthermore leads to a human-mouse chimeric vasculature, which may in the future help in understanding the specifics of the human endothelial compartment during bone metastasis. 68, 69 In addition, genetic modification of the implanted endothelial cells may represent a straightforward approach in unraveling the molecular aspects of tumor cell extravasation and angiogenic dormancy in the bone marrow.
Conclusion
Increasing evidence shows that the vasculature is crucial during the multistep process of bone metastasis, but many questions about the specific roles of the vasculature, especially during the initial stages of bone metastasis, remain. Insight in these aspects is needed before effective and safe anti-angiogenic therapies can be developed as part of the treatment of bone metastases.
